The role of GTP-binding proteins (G-proteins) in the secretory process in chromaffin cells was investigated by studying the effects of pertussis toxin (PTX) on catecholamine release and generation of various second messengers. PTX was found to stimulate the catecholamine secretion induced by nicotine, 59 mM-K+ or veratridine. PTX also potentiated Ca2l-evoked catecholamine release from permeabilized chromaffin cells, suggesting that PTX substrate(s) regulate the exocytotic machinery at a step distal to the rise in intracellular Ca2. We have investigated the possible intracellular pathways involved in the stimulation of secretion by PTX. PTX did not modify the translocation of protein kinase C (PKC) to membranes in intact or permeabilized cells; in addition, neither inhibitors nor activators of PKC had any effect on catecholamine release induced by PTX. Thus it seems unlikely that the effect of PTX on secretion is mediated by activation of PKC. The effect of PTX is also cyclic AMP-independent, as PTX did not change cytoplasmic cyclic AMP levels. The relationship between PTX treatment and arachidonic acid release was also examined. We found that an increase in cytoplasmic arachidonic acid concentration enhanced Ca2l-evoked catecholamine release in permeabilized cells, but arachidonic acid did not mimic the effect of PTX on the Ca2+-dose-response curve for secretion. Furthermore, PTX did not significantly modify the release of arachidonic acid measured in resting or stimulated chromaffin cells, suggesting that the stimulatory effect of PTX on secretion is not mediated by an activation of phospholipase A2. Taken together, these results suggest that PTX may modulate the intracellular machinery of secretion at a step distal to the generation of second messengers. In a-toxin-permeabilized cells, full retention of the PTX-induced activation of secretion was observed even 30 min after permeabilization. In contrast, when chromaffin cells were permeabilized with streptolysin-O (SLO), there was a marked progressive loss of the PTX effect. We found that SLO caused the rapid leakage of three G-protein a-subunits which are specifically ADP-ribosylated by PTX. We propose that a PTX-sensitive G-protein may play an inhibitory role in the final stages of the Ca2+-evoked secretory process in chromaffin cells.
INTRODUCTION
It is well recognized that Ca2+ plays a central role in the regulated exocytosis of many neurotransmitters, hormones and enzymes. More recently, the possibility has been raised that a class of GTP-binding proteins (G-proteins) called Ge-proteins may exert a direct inhibitory or activatory effect on the exocytotic machinery [1] [2] [3] [4] [5] [6] [7] . This conclusion has been favoured by studies using permeabilized secretory cell preparations, in which nonhydrolysable GTP analogues regulate secretion at a step distal to the rise in cytosolic Ca2t. To prove the existence of Ge and define a direct role for GTP in exocytosis, it is essential to demonstrate that no modification in the cytoplasmic concentrations of second messengers known to modulate secretion occurs when the putative Ge is activated or inhibited. We have recently reported that non-hydrolysable GTP analogues potentiate Ca2+-evoked catecholamine release from chromaffin cells permeabilized with a-toxin from Staphylococcus aureus [1] . However, three lines of evidence indicate that this effect of GTP analogues was exerted through protein kinase C (PKC) activation: (i) phorbol esters and GTP analogues modulated Ca2+-induced secretion in a similar manner, (ii) PKC inhibitors completely suppressed the stimulatory effects of GTP analogues, and (iii) GTP analogues were found to activate PKC, as indicated by the translocation of the enzyme from a soluble to a membrane-bound compartment. Thus the use of GTP analogues in permeabilized chromaffin cells did not provide any information concerning the direct involvement of a putative G-protein in the exocytotic machinery of these cells.
Another experimental approach currently employed to probe the role of G-proteins in intracellular pathways is the use of the islet activating protein, pertussis toxin (PTX). PTX is known to uncouple G-proteins from their associated receptors on the plasma membrane by ADP-ribosylating the GTP-binding a-subunit [8] . For instance, the inhibitory effect of somatostatin on high K+-induced prolactin secretion by GH4C1 cells is affected by PTX [9] . In anterior pituitary cells, pretreatment with PTX potentiates secretagogue-induced growth hormone secretion [10] and gonadotropin-releasing-hormone-stimulated luteinizing hormone secretion [11] . Treatment of mast cells with PTX blocks an array of effects observed in response to compound 48/80, including breakdown of phosphatidylinositol, 45Ca2+ influx, generation of arachidonate and histamine secretion [12] . Similarly, virtually all neutrophil responses to fMet-Leu-Phe, such as elevation of intracellular Ca2+, phosphatidylinositol turnover, protein phosphorylation and lysosomal enzyme release are blocked by PTX [13, 14] .
In the present study we have used PTX as a probe to investigate the role of G-proteins in the cascade of events underlying the stimulus-secretion coupling in chromaffin cells. The effects of PTX on the basal and stimulated secretory activity and the generation of second messengers was studied in both intact cells
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and those permeabilized with S. aureus ax-toxin. In the latter, the cytosolic proteins essential for exocytosis are retained after permeabilization [15] [20] , which contained 1.75 mM-CaCl2, 16 ,ug of phosphatidylserine/ml and 100 IuM-diacylglycerol. PKC was assayed by measuring, over 4 min at 30 'C, the incorporation of 32P into histone H1 from [y-32P]ATP as described by Castagna et al. [21] . PKC activity, defined as Ca2+-and phosphatidylserine/ diacylglycerol-dependent activity, was expressed in terms of pmol of 32p incorporated/min per mg of protein.
PTX-catalysed ADP-ribosylation
Soluble proteins released from digitonin-treated cells and proteins from plasma membranes and chromaffin granules purified from continuous sucrose-density gradients prepared as described by Toutant et al. [22] were ADP-ribosylated with PTX (List Biological Laboratories, Campbell, CA, U.S.A.) using the protocol described by Ribeiro-Neto et al. [23] with minor modifications [24] . The reaction was stopped by the addition of 20% SDS and BSA (100 /ug/ml) and proteins were precipitated with 100% (w/v) trichloroacetic acid. After centrifugation for 10 min at 10000 g, the pellets were washed twice with diethyl ether, dried and analysed by SDS/PAGE [100% (w/v) acrylamide/0. 13 % (w/v) bisacrylamide] in the presence of 100 mM-N-ethylmaleimide (NEM).
Modification of PTX with NEM PTX (List Biological Laboratories) was treated with NEM essentially as described by Singh Banga et al. [25] . Purified toxin (50 ,tg/ml) was incubated for 3 h at room temperature with 3 Murea, 2 mM-DTT, 0.1 mM-ATP, 1 The effect of PTX on catecholamine release evoked by nicotine, 59 mM-K+ or veratridine was examined in intact cells. As shown in Fig. 1 , preincubation of cultured chromaffin cells with PTX induced a dose-dependent stimulation of the secretory response evoked by each of the three secretagogues. The maximal effect (approx. 150 % of control) was observed by pretreating the cells with 100 ng of PTX/ml for 4 h. PTX at concentration of up to 2,g/ml appeared to have no deleterious effects on cell viability, as judged by the exclusion of Trypan Blue. Interestingly, PTX enhanced the basal rate of catecholamine release during the 4 h preincubation period, in agreement with the results reported by Brocklehurst & Pollard [26] . However, this spontaneous release was only significantly enhanced at PTX concentrations greater than 50 ng/ml ( Fig. la) , in contrast with the dose-response curve for the secretagogue-evoked catecholamine secretion (Fig. lb) . Since an increase in intracellular Ca2+ concentrations plays an essential role in catecholamine release from chromaffin cells [27, 28] , we examined the effect of PTX pretreatment on secretagogue-evoked 45Ca2+ influx; however, neither basal 45Ca2+ uptake nor nicotine-or high-K+-induced 45Ca2+ uptake were affected by PTX (results not shown).
In a-toxin-permeabilized chromaffin cells, catecholamine secretion is triggered by increasing the Ca2+ concentration in the incubation medium. Pretreating these cells with increasing concentrations of PTX had no effect on basal release measured in the absence of Ca2+, but potentiated secretion in response to 20 ttm free Ca2+ (Fig. 2) . In agreement with the previous observations on intact cells, a maximal effect (150 % of control) was observed by preincubating cells for 4 h with 100 ng of PTX/ml. Control experiments were done using PTX modified by treatment with NEM, which inactivates the ADP-ribosyltransferase activity without changing the binding properties of the toxin [25] . NEM- Ca"+-free KG medium and subsequently stimulated for 10 min with KG medium containing the indicated free Ca2" concentration.
[3H]Noradrenaline release is expressed as a percentage of the total radioactivity present in the cells before stimulation. [3H]Noradrenaline release is expressed as a percentage of the total radioactivity present in the cells before stimulation. PMA and sphingosine had no effect on basal release, as determined by incubating cells for 10 min in Locke's solution (results not shown). (Table 3) . We examined the effect of introducing exogenous arachidonic acid on catecholamine release from untreated and PTX-treated cells. In a-toxin-permeabilized cells, arachidonic acid enhanced in a dose-dependent manner the catecholamine secretion induced by 20 4aM free Ca21 (Fig. 6) . Pretreatment the range of arachidonic acid concentrations tested (Fig. 6a) , suggesting that arachidonic acid and PTX modulate the Ca2+-evoked secretory process by distinct mechanisms. Moreover, arachidonic acid induced mainly a leftward shift in the Ca2+ activation curve for secretion, whereas PTX enhanced both Ca2+ sensitivity and the extent of release at high Ca2+ concentrations (Fig. 6b) .
Effect of guanosine 5'-Iy-thiojtriphosphate (GTPISI) on catecholamine release from PTX-treated chromaffin cells
We have recently reported that non-hydrolysable guanine nucleotide analogues potentiate Ca2+-evoked catecholamine release from ca-toxin-permeabilized chromaffin cells in a dosedependent manner [1] . The possibility that PTX may interfere with the stimulatory effect of GTP[S] was therefore considered. Chromaffin cells pretreated with various concentrations of PTX were permeabilized with a-toxin and subsequently stimulated with 20 /tM free Ca2+ in the presence of 50 ,tM-GTP[S]. As illustrated in Fig. 7 Loss of chromaffin-cell responsiveness to PTX after permeabilization by SLO The effect of PTX on the Ca2`-evoked secretory response from chromaffin cells permeabilized with SLO was also examined. Fig. 8 shows that PTX potentiated catecholamine release evoked by Ca2+, provided that SLO-permeabilized cells were stimulated immediately with Ca2 . When a lag time was introduced between permeabilization and the Ca2+-induced stimulation, there was a marked progressive loss of the PTX effect on secretion (Fig. 8) . Similar results were observed with digitonin-treated chromaffin cells (results not shown). In contrast, with a-toxin-permeabilized cells, full retention of the PTX-induced activation was observed even at 30 min after permeabilization (Fig. 8) . The major difference between these cell preparations is that only small metabolites ( < 5 kDa) leak out from a-toxin-treated cells, whereas large cytoplasmic proteins such as lactate dehydrogenase diffuse out from SLO-or digitonin-permeabilized cells [15, 16, [33] [34] [35] [36] . Thus substrates for PTX may be lost from these latter preparations.
To test this possibility, soluble proteins released from digitoninpermeabilized cells were collected, concentrated and tested for the presence of target proteins for PTX. After gel electrophoresis, PTX specifically ADP-ribosylated three proteins of molecular masses of 39, 40 and 41 kDa (Fig. 9, lane C) . All of these three PTX substrates were present in chromaffin cell plasma membrane preparations (Fig. 9, lane E) , but the 39 kDa and 40 kDa ADPribosylated bands were more intensely labelled in fractions containing highly purified chromaffin granule membranes (Fig. 9,   lane F) . Interestingly, the addition of G-protein fly-subunits to the incubation medium was required to detect the 39 kDa ADPribosylated band among the cytosolic proteins released from digitonin-treated cells (Fig. 9, lane C) , in agreement with the fact that ,fly has a higher affinity for the 40 and 41 kDa a,-subunits than for the 39 kDa aco-subunit [37] . 
DISCUSSION
The results presented here demonstrate that pretreatment of cultured bovine chromaffin cells with PTX facilitates the release of catecholamines evoked by nicotine, KCI and veratridine, confirming a recent report by Tanaka et al. [38] . Furthermore, we observed that the 45Ca2+ uptake evoked by either nicotine or KCI was not altered by PTX, in agreement with the observation that neither basal nor carbamoylcholine-or KCl-induced rises in [Ca2+] , are sensitive to PTX [39] . These results suggest that PTX may increase catecholamine release by acting on a common process of the depolarization-mediated and the receptormediated secretory mechanisms, distal to the rise in [Ca2+]i, such as the final events in the exocytotic process. Accordingly, PTX facilitates the Ca2+-dependent secretory process in a-toxinpermeabilized cells, and also in SLO-permeabilized cells if the latter are permeabilized in a medium containing Ca2 .
GTP-binding proteins have been implicated in the regulation of the synthesis of second messengers such as cAMP, phosphoinositide breakdown products and arachidonic acid [40, 41] . Since these agents are known to modulate catecholamine secretion in chromaffin cells, it is necessary to ascertain whether the facilitation of catecholamine release provoked by PTX involves changes in the cytoplasmic levels of these compounds.
An increase in cAMP synthesis stimulates catecholamine secretion from intact chromaffin cells [42, 43] . Here we show that the elevation of cAMP with forskolin also potentiated Ca2+-evoked secretion from permeabilized cells, indicating that cAMP can modulate stimulus-secretion coupling downstream of Ca2+ entry. Since PTX is known to ADP-ribosylate the Gi-protein which inhibits adenylate cyclase [44, 45] , it could theoretically cause an increase in cytoplasmic cAMP which might account for the PTX-induced facilitation of secretion. However, treatment of the cells with a concentration of PTX which caused maximal catecholamine release had no effect on the cytoplasmic levels of cAMP, indicating that the stimulatory effect of PTX is probably not mediated by an increase in the cytoplasmic concentration of cAMP.
In many systems membrane-bound phosphoinositides are degraded into a number ofinositol phosphates and diacylglycerol by a phosphoinositide-specific phospholipase C. The breakdown of phosphoinositides results in mobilization of intracellular Ca24 and activation of PKC. Guanine nucleotides can activate phospholipase C, supporting the idea that a G-protein controls phospholipase C activity [41, 46] . Tumour-promoting phorbol esters (e.g. PMA), which can substitute for diacylglycerols and activate PKC, enhance Ca24-dependent catecholamine secretion from intact (the present paper) and permeabilized [1, 34] [2, 4, 7] or inhibits [5, 6, 55] the secretory process at the exocytotic sites has been described. Interestingly, the inhibitory Ge proteins that have been identified in several secretory systems seem to be substrates for PTX [5, 6] .
Our finding that PTX potentiates catecholamine release from permeabilized cells stimulated by Ca2l in the absence of any exogenous receptor agonist is somewhat difficult to reconcile with the current understanding of the mechanism of action of the toxin, which is supposed to involve the uncoupling of a receptor from a G-protein through the ADP-ribosylation of the latter. This effect of PTX on permeabilized cells may be analogous to the PTX-induced catecholamine release observed in intact chromaffin cells in the absence of any stimulatory or inhibitory agonists (the present paper; [26] ). These observations raise the possibility that two types of G-protein control the secretory process in chromaffin cells: the 'classic' G-proteins, which are under the direct control of plasma membrane receptors, and Gproteins which may be controlled by intracellular factors and can be uncoupled from them by PTX. Interestingly, PTX-sensitive G-proteins have been described in intracellular organelles such as chromaffin secretory granules [22] . [57] , also being lost within minutes of treatment with SLO. The effector coupled to this putative inhibitory G-protein remains to be characterized. An attractive speculation is that this G-protein inhibits a docking protein [58] or a putative fusion protein of the plasma membrane. Our observation that the effect of PTX was specifically abolished by treatment of the cells with NEM before stimulation seems to indicate that this target protein may be sensitive to NEM. In this context, it is of interest that a NEM-sensitive fusion protein has been purified on the basis of its ability to catalyse fusion of intracellular membranes in both secretory and endocytotic pathways [59] [60] [61] .
